The mineral sulfide-oxidising Acidithiobacillus ferrooxidans has been extensively studied over many years but some fundamental aspects of its metabolism remain uncertain, particularly with regard to its anaerobic oxidation of sulfur. This label-free, liquid chromatography-electron spray ionisation-mass spectrometry-based proteomic analysis estimated relative protein abundance during aerobic and anaerobic growth of At. ferrooxidans. One of its two bc 1 complexes, that encoded by the petII operon, was strongly implicated in anaerobic ferric iron-coupled sulfur oxidation, probably in conjunction with two cytochromes. These two cytochromes are homologs of the Cyc2 and Cyc1 proteins that are involved in ferrous iron oxidation. The previously undetected cytochromes apparently associated with anaerobic growth in At. ferrooxidans appear to be absent in many other ferrous iron-oxidising acidophiles that can also reduce ferric iron, which suggests a diversity in the ferric-ironcoupled sulfur oxidation pathways. For aerobic growth of At. ferrooxidans, this analysis was consistent with the generally accepted mechanism for its oxidation of ferrous iron. Unexpectedly, proteins encoded by the petI operon were not abundant and generally not detected in the proteomic analyses of cells grown aerobically on sulfur, although there was some expression of genes of the petI and petII operons in these cells.
INTRODUCTION
At. ferrooxidans is the most studied ferrous iron-and sulfur-oxidising bacterium. It can be involved in promotion of acid mine drainage and it has been extensively investigated in the context of the industrial extraction of metals from ores and concentrates where its capacity to promote mineral sulfide dissolution has been utilised. Most studies have focused on its aerobic growth but it also has the capacity for anaerobic, ferric iron-coupled oxidation of sulfur [1] and mineral sulfides [2, 3] and for anaerobic growth with hydrogen oxidation coupled to reduction of ferric iron or sulfur [4] .
The current, generally held view of the electron transport pathway involved in ferrous iron oxidation by At. ferrooxidans is essentially that described by Ingledew [5] and largely validated in subsequent years by biochemical and molecular biological studies see [6] [7] [8] . The transfer of electrons from ferrous iron to oxygen is proposed to involve an outer membrane cytochrome c (Cyc2), periplasmic proteins (principally the small blue copper protein rusticyanin and c 4 -type cytochrome Cyc1) and a terminal aa 3 cytochrome oxidase. A copper-binding protein, referred to as Cup could also be involved in the electron transport or provide copper for rusticyanin or the cytochrome oxidase [8] ; in another view, the same protein, referred to as Acop, could be required for the cytochrome oxidase functioning [9] . All of these proteins involved in this downhill electron transport are encoded by the rus operon [10] . Uphill electron transport required for NAD(P)H regeneration during growth on ferrous iron is mediated by a reverse-functioning bc 1 complex (encoded by the petI operon), while a second bc 1 complex (encoded by the petII operon) is involved in sulfur oxidation [11] . It has been proposed that the proteins of the iron oxidation respiratory chain are in a super-complex, which could also include some proteins that might indicate a physical link to the uphill pathway [7] . It has also been suggested that the electron transport proteins in the periplasm could constitute a network where inter-protein electron transfer interactions function without a requirement for a defined linear series of reactions [12] .
The diversity of strains previously known as At. ferrooxidans was well established by the 1980s [13] and so far has been resolved into four main groups [14, 15] with the designation of three new species, At. ferridurans [16] , At. ferrivorans [17] and At. ferriphilus [18] . The rus and petI operons, with gene orders found in At. ferrooxidans, also exist in at least At. ferridurans and At. ferrivorans, suggesting utilisation of the same electron transport pathways. However, variations in the iron oxidation process have been suggested [15] , particularly since the discovery of more than one type of rusticyanin in some strains of At. ferrooxidans [19] (before the new species designations). At. ferrooxidans has RusA while most strains of At. ferrivorans have the isoform RusB. At. ferrivorans and At. ferriphilus also have the iro gene which encodes a high potential iron sulfur protein, which has been described as an iron oxidase [20] . This gene is absent in At. ferrooxidans and At. ferridurans where a similar protein is encoded by the hip gene of the petII operon, which has been associated with sulfur oxidation [11] .
A coupling of ferric iron reduction to sulfur oxidation in At. ferrooxidans was shown to involve a periplasmic sulfur: ferric ion oxidoreductase [21] ; however, cells which were used in the absence of oxygen to allow ferric iron reduction were previously grown aerobically with ferrous iron and the strain used (At. ferrooxidans AP19-3) could not grow on sulfur anaerobically with ferric iron as the terminal electron acceptor [22] . An alternative proposal for the sulfur-ferric iron coupling was for electron transfer via proteins that were also responsible for aerobic ferrous iron oxidation, with electrons from sulfur entering the respiratory chain via a bc 1 complex; work which again used cells grown aerobically before resuspension in the absence of oxygen [23] . Support for this hypothesis came from Kucera et al. [24, 25] with transcriptome analysis and 2-D gel electrophoresis with matrix-assisted laser desorption ionisation-time of flight mass spectrometry (MALDI-TOF MS) spot identifications. During anaerobic growth of At. ferrooxidans cells (which were transferred from aerobic culture with ferrous iron), transcript levels of genes involved in aerobic ferrous iron oxidation (including rus and petI operons) were generally the same as or higher than their basal levels in cells grown aerobically with ferrous iron. The outer membrane cytochrome Cyc2 was postulated to operate in reverse mode as the terminal ferric iron reductase under anaerobic conditions. Other work with 2-D gel electrophoresis and MALDI-TOF MS also revealed no cytochromes specific for anaerobic growth of At. ferrooxidans with sulfur and ferric iron, but proposed reduction of ferric iron by hydrogen sulfide which was generated by disproportionation of sulfur [26] . The latter study also proposed a possible alternative electron flow via the PetII bc 1 complex via CycA2, possibly to Cyc2 in the absence of an alternative ferric iron reductase.
In contrast to the more recent findings noted above, an abundant, novel cytochrome was previously revealed by 1-D SDS-PAGE as specific for anaerobic growth of At. ferrooxidans with hydrogen and ferric iron, with apparently the same cytochrome also observed during anaerobic growth with sulfur and ferric iron [4] . The sequence of the 30 N-terminal amino acids of this 28 kDa c-type cytochrome was not published but described as different from those of the soluble and membrane-bound cytochromes encoded by the rus operon. Cytochromes specific for anaerobic growth of At. ferrooxidans with sulfur and ferric iron were not revealed by the 2D-gel electrophoresis analyses noted above, but such analyses could have issues with overlapping spots and are not ideal for quantification. Here, a quantitative label-free, liquid chromatography-electron spray ionisation-mass spectrometry-based proteomic analysis (nanoLC-ESI-MS/MS) was used to give an estimation of relative protein abundance. This procedure identified two cytochromes (not encoded by the rus operon) that appeared to be involved in anaerobic ferric-iron coupled sulfur oxidation, confirming the same indication from comparative 1D-gel electrophoresis of samples from At. ferrooxidans grown aerobically and anaerobically.
METHODS

Culture and growth conditions
At. ferrooxidans T (ATCC 23270) was grown at 30 C in flasks shaken at 120 r.p.m. (0.5 l culture volumes in 2 l flasks). Aerobic cultures were gassed continuously (50 ml min
À1
) with 5 % v/v CO 2 in air and anaerobic cultures were gassed continuously (50 ml min
) with 5 % v/v CO 2 in nitrogen. The excess carbon dioxide was intended to preclude variations in concentrations of some major cell proteins, such as ribulose bis-phosphate carboxylase/oxygenases, which are related to CO 2 availability. Each anaerobic culture flask was sealed with a subaseal pierced with narrow needles through which continuous gas influx and efflux maintained the anoxic condition. 
Proteome preparation and analysis
Cultures in late exponential growth phases (see Fig. S1 , available in the online version of this article) were harvested by centrifugation (10 min at 15 000 g) before resuspension for sequential washing/centrifugation cycles with de-ionised water (adjusted to pH 1.7 with sulfuric acid) and then deionised water before final resuspension of cell pellets in 0.5 M Tris buffer at pH 7.8 with a protease inhibitor cocktail at the recommended concentration (Sigma, Product No. 8465). Cells were lysed by sonication and cell debris was removed by centrifugation (10 min at 15 000 g) before separation of the supernatant into soluble and particulate fractions by two centrifugations (48 000 g for 30 min) and resuspensions of the pellets with the Tris buffer and protease inhibitor.
Proteins in the soluble fraction were precipitated overnight at À20
C using a 20-fold excess of acetone before a brief centrifugation (20 s) to sediment proteins and leave only sufficient acetone to keep the pellet damp. Soluble and particulate fraction pellets were completely resuspended in a 0.1 % Rapigest surfactant solution (Waters Corp., 186001861) by gentle agitation and aspiration using pipette tips and then concentrated using an Amicon Ultra-0.5 Centrifugal Filter Unit with Ultracel-3 kDa membrane (Millipore, UFC500396) at 12 000 g to a final volume of~50 µl. Each solution was heated at 80 C for 15 min before addition of 5 µl of 100 mM dithiothreitol (Melford Labs, MB1015) and incubation for 15 min at 60 C. Iodoacetamide was added (Sigma, I1149; 5 µl of 200 mM solution) and solutions left at room temperature in the dark for 30 min before addition of 4 µl trypsin solution (1 µg l
À1
, Promega, V5111) and overnight incubation at 37 C. The surfactant was hydrolysed by addition of 2 µl of concentrated formic acid at 37 C for 20 min and each sample was filtered through a 0.22 µm Costar Spin-X centrifuge tube filter (Sigma) before transfer to a glass vial and storage at À20
C. An aliquot from each digested proteome was diluted with 0.1 % formic acid and an internal standard of a tryptic digest of glycogen phosphorylase from rabbit (Waters Corp., 186002326) added to a final concentration of 100 fmol l
. Aliquots (1 µl) were analysed by means of nanoscale liquid chromatography performed using a directly-coupled NanoAcquity UPLC system (Waters Corporation). The system comprised a binary solvent, auxiliary solvent and sample manager fitted with a heating and trapping module. LC separations were performed using a Symmetry C18 trapping column (180 µmÂ20 mm 5 µm) and a BEH C18 analytical column (75 µmÂ250 mm 1.7 µm). The composition of solvent A was 0.1 % v/v aqueous formic acid and solvent B 0.1 % v/v formic acid in acetonitrile. An aliquot of each sample containing internal standard was applied to the trapping column and flushed with 0.1 % solvent B for 2 min at a flow rate of 15 µl min
. Sample elution was performed at a flow rate of 250 nl min À1 by increasing the organic solvent concentration from 3 to 40 % B over 110 min, with a total run time of 130 min. The mass spectrometer was fitted with a universal nanoflow sprayer and an applied capillary voltage of 3.5 kV was used. All analyses were conducted in technical quadruplicate. MS E data acquisition was performed on a Synapt High Definition Mass Spectrometer (Waters Corporation), configured for MS E through the MS Method Editor controlled by MassLynx v4.1. The time-of-flight analyser of the mass spectrometer was externally calibrated using the MS/MS spectrum obtained from the doubly charged precursor of human Glu 1 -Fibrinopeptide B peptide (GFP, SigmaAldrich) from m/z 50 to 1300. GFP was used for lockmass correction (m/z 785.8426) infused via a NanoLockSpray interface at a constant rate of 500 nl min À1 at 500 fmol µl
and sampled every 60 s. In low energy MS mode, data were collected at constant trap collision energy of 6 eV. In elevated energy MS mode, the trap collision energy was ramped from 15 to 30 eV whilst the transfer collision energy was held at 3 and 10 eV for low and elevated conditions respectively. All subsequent data was post-acquisition lockmass-corrected using the monoisotopic ion of the doubly charged precursor of GFP (m/z 785.8426).
MS E data were processed using ProteinLynx Global Server v2.4 (PLGS -Waters Corp.) and lockspray calibrated against GFP using data collected from the reference line during acquisition. Lockmass-corrected spectra were centroided, de-isotoped and charge-state-reduced to produce a single accurately mass measured monoisotopic mass for each peptide and its associated fragment ions. Initial correlation of a precursor and potential fragment ions was achieved using time alignment. Data processing parameters specified 250, 1000 and 1500 for the low, elevated and intensity threshold values respectively in PLGS. Processed data were used to interrogate an At. ferrooxidans (ATCC 23270) UniProt proteome database (http://www.uniprot.org/) modified for compatibility with PLGS, randomised once to form a concatenated database of genuine and random entries and appended with the sequences for porcine trypsin and rabbit glycogen phosphorylase, UniProt accession numbers P00761 and P00489 respectively. For MS E data, database search parameters included a fixed modification of carbamidomethyl cysteine, one missed trypsin cleavage site with variable modifications of acetyl N-terminus, oxidation of methionine and deamidation of asparagine and glutamine. Precursor and fragment ion tolerances were determined automatically by PLGS. Protein identification criteria included detection of at least three fragment ions per peptide, seven fragment ions per protein and at least one peptide per protein with an initial 4 % false discovery rate (FDR). The concentration of the rabbit glycogen phosphorylase internal standard was specified (in fmol) in the PLGS workflow template to allow estimation of protein abundance. For all proteins observed from each chromatographic analysis, the PLGS Identity Algorithm used the signal intensities of the three most intense peptides compared to those of the internal standard to calculate the level on-column in ng and fmol. On-column loadings were generally 400-500 ng per sample. Protein identification FDR was further reduced to below 0.8 % for soluble protein samples and below 1.4 % for membrane protein samples by only considering proteins that were observed in at least two replicates (per proteome).
Whole cell proteins from aerobic and from anaerobic growth were also examined by one dimensional SDS-polyacrylamide (15 % w/v) gel electrophoresis with Coomassie Blue staining. Selected gel slices were excised and their contained proteins tryptically digested using the manufacturer's recommended protocol with the MassPrep robotic protein handling system (Waters Corporation). Peptides were analysed by means of nanoLC-ESI-MS/MS using NanoAcquity/Q-ToF Ultima Global instrumentation (Waters) and a 45 min LC gradient and proteins identified via a Mascot search (Matrix Science) with the NCBInr database (Matrix Science). Further technical details are found in a comparison of the labelling and labelfree MS-based proteomic approaches [27] .
RNA isolation and real-time RT-PCR Samples (100 ml) from late exponential growth phase cultures were rapidly filtered (47.5 mm diameter Millipore filters) and cells washed on the filters with passage of 100 ml volumes of RNAlater solution (Invitrogen) after leaving a standing head of the solution for 5 min before vacuum-assisted filtration. Filters plus cells were stored at À80 C. Filters (fragmented after freezing) plus cells were resuspended in 4 ml Tris (0.2 M)/ EDTA (1 mM) adjusted to pH 7 (with HCl) and vortexed before incubation with lysozyme (2 mg ml À1 ) for 30 min at 37 C. Lysis buffer (2 ml 0.2 M Tris, 0.1 M NaCl, 4 % w/v SDS, pH 6) was added and mixed gently for 5 min before addition of 6 ml phenol/chloroform/isoamyl alcohol (pH 4.6). The top layer was transferred to a new tube after centrifugation for 5 min at 3000 g at room temperature. An equal volume of isopropanol was added with ammonium acetate (7.5 M, 10 % of the total volume) before incubation at À20
C for 2 h to precipitate RNA before centrifugation for 30 min at 20 000 g. RNA was air dried after two washings with 70 % v/v ethanol and finally resuspended in 50 µl DEPC-treated water plus RiboLock RNase inhibitor. Samples were treated with Turbo DNase (Ambion) and further purified by passage through RNeasy Mini columns (Qiagen). mRNA quality was assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies). cDNA synthesis used SuperScript II Reverse Transcriptase following the manufacturer's instructions (Invitrogen). Real time PCR used SYBR green as the reporting system with AmpliTaq Gold SYBR green universal PCR master mix (ABI) according to the manufacturer's guidelines. Primers used for targeted genes, including rpoB and gyrA housekeeping genes, are given in Table S1 . Reaction volumes were heated at 95 C for 10 min before 40 cycles of 95 C for 15 s and 62 C for 1 min, using an Applied Biosystems 7000 Real-Time PCR System. Each reaction was performed in triplicate.
RESULTS
Aerobic and anaerobic growth
After inoculation with anaerobically-grown cells, anaerobic growth with sulfur plus ferric iron comprised a one day exponential phase after a one day lag phase (Fig. 1a) . Cells were harvested towards the end of the exponential growth phase when between 70 and 80 % of the initial 15 mM ferric iron had been reduced, the pH was between 1.8 and 1.9 and the number of unattached cells was between 7Â10
6 ml À1 and 7.5Â10 6 ml
À1
. Doubling times for growth (biomass volume) and for ferric iron reduction were between 12 and 14 h in several replicates. Cells were harvested from aerobic growth with sulfur (Fig. 1b) three days after inoculation. Reproducibility of growth in replicate cultures used for proteomic and real-time RT-PCR analyses is shown in Fig. S1 . (Fig. 2a) . Aerobic cells contained relatively more abundant proteins of approximately 24 kDa. The three most highly ranked proteins in Mascot search results following tryptic digests and nanoLC-ESI-MS/MS with these three bands (Fig. 2b) were all of molecular masses within 10 % of those estimated from the positions of their respective source bands in the 1-D gel, with the exception of ribosomal protein L6 (mass 19 kDa) which was found in the 24 kDa protein band.
SDS-PAGE of proteins from
The cytochrome in the 22 kDa band of proteins from anaerobic growth (Fig. 2b) was noted as one of four c 4 -type cytochromes encoded in the At. ferrooxidans genome, which were named CYC [41] [42] [43] [44] [28] . CYC 41 corresponds to what is now also referred to as Cyc1 encoded by cyc1 of the rus operon. CYC 42 and CYC 44 correspond to CycA1 and CycA2, components of the bc 1 complexes encoded by genes in the petI and petII operons respectively. CYC 43 encoded by At. ferrooxidans gene AFE_1429, which was detected here (Fig. 2b) , was suggested from sequence analysis by Malarte et al. [29] as potentially able to interact with a cytochrome oxidase in the same fashion as CYC 41 , but it was not detected under their growth conditions (aerobic). Two cytochrome subunits of the PetII complex were relatively abundant in the 25 kDa protein band from anaerobicallygrown cells (Fig. 2b) . The bc 1 complex encoded by the petII operon was hypothesised to function in transferring electrons from sulfur to oxygen based on its differential expression in sulfur-grown versus ferrous-iron grown cells, and, although data were not shown, it was also suggested it could be involved in anaerobic coupling of ferric iron and sulfur [11] . Two of the most abundant proteins in the prominent 24 kDa band of proteins produced during aerobic growth, a superoxide dismutase and an alkylhydroperoxide reductase, are associated with an oxidative stress response (Fig. 2b) . Both of these proteins were previously observed (through 2-D gel electrophoresis) to be increased in abundance in ferrous iron-grown compared to sulfur-grown At. ferrooxidans [30] .
Proteomic analyses: general comments
In total, 562 different proteins were identified in at least two of four technical replicate analyses by nanoLC-ESI-MS/MS of cells grown with sulfur (aerobic and anaerobic growth) and ferrous iron (aerobic growth). An additional 331 proteins were identified only in single replicates and are noted here only if their presence/absence was of interest in relation to previous publications. Generally, any proteins that comprised more than 0.5 % of the total protein in a sample were found in all four technical replicates. A partial separation of cell proteins into soluble and membrane-enriched fractions by centrifugation allowed a greater number of different proteins to be identified overall with a significant number of these identified in either soluble or membrane fractions, but not in both (Table S2 ). Complete separation of soluble and membrane proteins was not expected because of limited washing of pelleted proteins and the likely association of some potentially soluble proteins with particulate ones.
Proteins associated with growth on ferrous iron or sulfur The cytochrome which was extracted from the 22 kDa protein band after SDS-PAGE of anaerobically-grown cells (Fig. 2) , and which was previously known as CYC 43 [28] , was detected only in samples from cells grown anaerobically (Fig. 3c) . A cytochrome encoded by gene AFE_1428, which is adjacent to AFE_1429 which encodes CYC 43 , was also only detected in samples from anaerobically-grown cells. Hereafter, these cytochromes (and their genes) are referred to as Cyc2B (cyc2B, AFE_1428) and Cyc1B (cyc1B, AFE_1429) respectively in recognition of their similarities with the At. ferrooxidans Cyc2 and Cyc1 cytochromes which are involved in ferrous iron oxidation ( Table 1 ). The location of probable signal peptide cleavage sites of selected proteins was predicted using SignalP 4.0 [31] .
The proteins encoded by the rus operon (except CoxC and CoxD) were identified in cells grown under all growth conditions but were more abundant in cells grown on ferrous iron than in cells grown aerobically or anaerobically with sulfur ( Fig. 3a-c) . The only samples in which PetI-encoded proteins were found in at least two technical replicates were from ferrous iron-grown cells (Fig. 3d) . PetII-encoded proteins were relatively abundant only in samples from cells grown-anaerobically with ferric iron plus sulfur (Fig. 3f) .
A central role for a heterodisulfide reductase (Hdr) complex and some accessory proteins in the sulfur oxidation pathway has been described for At. ferrooxidans [8] . Most of these proteins were found in cells grown with ferrous iron or sulfur, but the proteins were generally more abundant when sulfur was the substrate (Fig. 4) . The sulfur/pyrite/thiosulfate/sulfide-induced protein and some of the proteins encoded by adjacent genes (AFE_0042-0045) were detected only in sulfur-grown cells and the periplasmic solute-binding protein (encoded by AFE_0043) was much more abundant in sulfur-grown cells than in ferrous iron-grown cells (Fig. 4) . Tetrathionate hydrolase (AFE_0029) was only detected in sulfur-grown cells. These various proteins have been recognised as differentially expressed during growth of At. ferrooxidans on sulfur versus growth on ferrous iron, as summarised by Quatrini et al. [8] . Their relative abundance here was generally similar in cells from aerobic and anaerobic growth with sulfur (Fig. 4) .
Genes of the rus operon were expressed during growth with ferrous iron or sulfur, with higher expression during growth on ferrous iron (Fig. S2) . The much greater relative expression of selected petI operon genes (sdrA1 and petB1) during growth with ferrous iron compared to growth with sulfur ( Fig. S2) supports the proteomic analysis (Fig. 3) and the quantification of transcripts by Bruscella et al. [11] . Proteins encoded by the pet operons were not readily detected by the proteomic analysis of cells grown aerobically with sulfur, with the exception of Hip (Fig. 3e): hip expression was over tenfold greater during growth on sulfur versus growth on ferrous iron (Fig. S2) . The relatively similar expression of petB1 versus petB2 and of sdrA1 versus sdrA2 during growth on sulfur (Fig. S2) contrasted with the results of Bruscella et al. [11] who found much greater expression of petII genes compared to petI genes during growth on sulfur. The much greater relative expression of petB2 during anaerobic growth with sulfur and ferric iron (Fig. 5) was reflected in the relative abundance of PetB2 in the proteomic analysis of the cells grown anaerobically (Fig. 3f) . The minimal expression of cyc2B and cyc1B genes (AFE_1428 and AFE_1429 respectively) during aerobic growth compared to during anaerobic growth (Fig. 5 ) confirmed their association with the latter, which was indicated by the protein gel electrophoresis (Fig. 2 ) and proteomic analysis (Fig. 3) .
Phylogenetic distribution of ferrous iron oxidation/ reduction proteins in iron-oxidising acidithiobacilli
The rus operon is conserved in the four named species of the Acidithiobacillus genus that oxidise ferrous iron (At. ferrooxidans, At. ferridurans, At. ferrivorans and At. ferriphilus). It is also present (Fig. 6 ) in the un-classified strain Milos (isolated from sediment of an acidic pond in a volcanic region of Milos, Greece; Norris, unpublished), which probably represents another species of iron-and sulfur-oxidising Acidithiobacillus (Fig. S3) , although a more detailed phylogenetic examination of strain LMT1, apparently a close relative of strain Milos, suggests both strains are in a sub-clade of At. ferrooxidans [32] . However, the sequence identity of the Cyc2 proteins of strain Milos and the At. ferrooxidans type strain is 85 % compared, for example, to 97 % between At. ferridurans and At. ferrooxidans. Outside of the Acidithiobacillus genus, but still within the Proteobacteria, there are gene clusters similar to the rus operon but which lack one or more of its genes. Acidihalobacter prosperus of the Ectothiorhodspiraceae family [33] has a cluster that lacks cyc1 [34] . In some other yet to be named close relatives of Ah. prosperus, the cyc2 and cyc1 genes are both missing (Fig. 6) , specifically in thermotolerant strain M7 [35] and in mesophilic strain V8, which appears to outcompete Ah. prosperus during growth on pyrite [36] . In strains V8 and M7, the four ligands required to bind the redoxactive copper of the At. ferrooxidans type A rusticyanin are not found in their rusticyanin-like protein, even though they are conserved in the non-iron-oxidising, archaeon Thermoplasma acidophilum ( Table 2 ).
The cyc2B and cyc1B genes implicated here in the anaerobic growth of At. ferrooxidans do not appear to be part of a larger gene cluster and proteins encoded by adjacent genes were not detected in the proteomic analysis. So far, potential counterparts to cyc2B or cyc1B have not been identified in genomes of other the iron-oxidising species noted above (although an At. ferridurans genome remains to be examined for similar genes). In other bacteria where Cyc2-like and Cyc1-like protein encoding genes are present, the products have greater sequence identities to Cyc2 and Cyc1 than to Cyc2B or Cyc1B.
DISCUSSION
Different proposals for the mechanism of ferric-iron coupled sulfur oxidation during anaerobic growth of At. ferrooxidans have arisen from separate studies which used different analytical techniques and different specific experimental procedures that could have affected culture characteristics and growth rates. Kucera et al. [24, 25] described linear growth and ferric iron reduction in anoxic bioreactors, starting with a relatively high initial concentration of cells (10 8 ml À1 ) which had been grown aerobically with ferrous iron as substrate. Osorio et al. [26] grew cells anaerobically for two to three weeks, after inoculation from anaerobic cultures, and with regular additions of ferric iron to provide cells (about 10 9 ml À1 ) for analysis. Growth phase and growth rate data were not described. Cytochromes (designated here as Cyc2B and Cyc1B), which were not detected in these previous works, were found in cells that were previously adapted to anaerobic growth and which were growing rapidly and exponentially with sulfur and ferric iron. The anaerobic growth rate in shaken cultures (Fig. 1) was about twice that of the 24 h doubling time reported for this type strain in the original quantification of its anaerobic growth in flasks placed inside gas-tight jars [37] . A cytochrome (Cyc1B) which was detected among proteins of approximately 22 kDa in gel electrophoresis of cell proteins from anaerobically- Fig. 3 . Relative abundance of selected proteins in soluble (grey bars) and membrane-enriched fractions (black bars) from cells grown aerobically with (a) ferrous iron, (b) sulfur or (c) anaerobically with sulfur plus ferric iron. Cyc2B (AFE_1428), Cyc1B (AFE_1429) and proteins expressed by the rus operon (upper three panels) and proteins encoded by petI and petII operons (lower three panels) are given as % of total protein in each fraction (calculations from ng values). Error bars are standard deviations for technical replicates (see Table S3 for data).
grown cells (Fig. 2) was smaller than an At. ferrooxidans anaerobic-specific, 28 kDa cytochrome seen previously in SDS-PAGE and which was apparently active in ferric ironcoupled, anaerobic oxidation of hydrogen and sulfur [4] . It is not known if Cyc2B and Cyc1B identified here as associated with anaerobic growth are produced during growth with ferric iron and hydrogen as well as with ferric iron and sulfur. These cytochromes have not yet been isolated for biochemical studies and the lack of simple, reliable genetic techniques for manipulations of At. ferrooxidans means their role has not been directly proven.
The relatively similar expression of petB1 versus petB2 and of sdrA1 versus sdrA2 during growth on sulfur contrasted with the results of Bruscella et al. [11] who found much greater expression of all petII genes during aerobic growth on sulfur and suggested that the PetII complex was involved in transfer of electrons from sulfur to O 2 [11] . Here, petIIencoded proteins were relatively abundant only in samples from cells grown anaerobically with ferric iron plus sulfur (Fig. 3f) . Proteins encoded by the pet operons were not readily detected in the proteomic analysis of cells grown aerobically with sulfur, with the exception of Hip (Fig. 3e) , although it is likely that other petII-encoded proteins are also involved in sulfur oxidation [8, 11] . The possible use of alternative terminal oxidases for receiving electrons from reduced sulfur compounds via the quinone pool has been suggested [8] but cytochrome oxidases bo 3 and bd were also scarce in these proteomic analyses. Subunit I of cytochrome o ubiquinol oxidase was only detected in one of four technical replicate analyses (in the membrane fraction of aerobic sulfur-grown cells) and subunits I and II of cytochrome d ubiquinol oxidase were each detected only in one of four technical replicate analyses (in the membrane fractions of cells grown with sulfur aerobically and anaerobically). Biological replicates of sulfur-grown cells were provided by a comparison of proteins produced during aerobic growth with sulfur under air versus under CO 2 -enriched air as part of a separate study of carbon dioxide fixation: again, there was no significant detection of petII-encoded proteins other than Hip with or without CO 2 -enrichment (data not shown). The only samples in which petI-encoded proteins were found in at least two replicates were from ferrous irongrown cells (Fig. 2 ) which is consistent with the previous finding of petI operon transcription principally in ferrous iron-grown cells, commensurate with the role of the PetI bc 1 complex operating in the uphill flow of electrons from ferrous iron to NAD(P) [11, 38] . PetII transcription was also noted previously in ferrous iron-grown cells [11] which could reflect the retention of some constitutive oxidation capacity for both substrates. The de novo synthesis of proteins encoded by the rus operon during growth on sulfur has been demonstrated with the gene expression occurring in the early exponential phase of growth [39] . Here, rus operon-encoded proteins were present in cells grown with each substrate (Fig. 3 ) which is consistent with biochemical observations. When presented with sulfur in oxygen uptake assays after several serial cultures with ferrous iron as substrate, At. ferrooxidans (DSM 583) retained 7 % of the sulfur oxidation capacity of sulfur-grown cells: sulfur-grown cells, when presented with ferrous iron, retained 30 % of the oxygen uptake shown by ferrous iron-grown cells (Norris, unpublished data) . In summary, the proteomic analyses presented here are consistent with the generally accepted mechanism for utilisation of ferrous iron for growth of At. ferrooxidans and strongly support the involvement of petII operon-encoded proteins in anaerobic growth with ferric iron plus sulfur, possibly with the Cyc2 and Cyc1 homologs, Cyc2B and Cyc1B, involved in electron transport for the ferric iron reduction. Unexpectedly, although some expression of petI and petII operon genes was detected in cells grown aerobically with sulfur, the encoded proteins were not abundant and generally not detected in the proteomic analyses of such cells, with the exception of Hip. If petII encoded proteins are involved in aerobic sulfur oxidation, and for some reason there was poor detection in these experiments, it could be argued that the lack of detection of Cyc2B and Cyc1B might not necessarily rule them out of a role in the aerobic process. However, cyc2b and cyc1b expression was also minimal and these proteins have not been detected in any studies of aerobic sulfur oxidation by At. ferrooxidans.
The conservation of the rus operon in the closely related iron-oxidising species of the Acidithiobacillus genus (At. ferrooxidans, At. ferridurans, At. ferrivorans and At. ferriphilus), could suggest they share a pathway for electron transport in ferrous iron oxidation. However, Amouric et al. [15] suggested the presence of the iro gene in At. ferrivorans and its absence in At. ferrooxidans and At. ferridurans could indicate an alternative electron pathway, not necessarily involving rusticyanin. The role of rusticyanin is also not certain in Acidihalobacter species. Ah. prosperus has shown greater rus gene expression during growth on sulfur than on ferrous iron and produces a small, 'novel' cytochrome (not seen in At. ferrooxidans) when grown on ferrous iron [34] . In other ferrous iron-oxidising Acidihalobacter species, there is an apparent absence of essential copper-binding ligands in their rusticyanin-like proteins too (Table 2) . It is not known if at least some of the proteins encoded by the rus gene clusters in Acidihalobacter species might function in ferrous iron oxidation, or function in association with alternative proteins in an electron transport pathway in the absence of Cyc1 or absence of Cyc1 and Cyc2 (Fig. 6 ). Ferrous iron-oxidising Leptospirillum species (Nitrospiraceae family) have a functionally similar Cyc2-like membrane cytochrome, Cyt 572 , which has a similar position of the haem binding site in the protein sequence and conservation of some other residues compared to Cyc2 of At. ferrooxidans, but only 15 % overall sequence identity [40] . The ironoxidising 'Ferrovum sp.' strain JA12 (within a distinct branch of the Betaproteobacteria and phylogenetically Gene expression values (relative to gyrA expression) for cyc2B, cyc1B, petB1 and petB2. cDNAs were derived from cells grown aerobically on sulfur (grey bars) or anaerobically with ferric iron plus sulfur (black bars). All values were normalised to the house-keeping gene, gyrA. Another house-keeping gene, rpoB, was included for comparison in the separate assays for the targeted genes. Standard errors are shown for duplicate assays, each using cDNA from different cultures grown 3 months apart.
distinct from Acidithiobacillus species) has a Cyc2-like cytochrome with 29 % sequence identity to Cyc2 of At. ferrooxidans but the absence of rusticyanin and a cytochrome oxidase aa 3 again indicate a different electron transport pathway in iron oxidation to that of At. ferrooxidans [41, 42] . A Cyc2-like cytochrome with much greater identity to that of At. ferrooxidans (over 60 % identity of aligned residues) is found in Acidiferrobacter thiooxydans (Ectothiorhodspiraceae family) but the encoding gene does not have an adjacent gene encoding a Cyc1-like cytochrome.
However, the rusticyanin is also closely related to that of At. ferrooxidans (81 % sequence identity of the mature proteins) with identical copper ligands and surrounding residues ( Table 2 ). In summary, a Cyc2-like protein could be involved in ferrous iron oxidation in many but not all of these bacteria, with variations in the components for electron transport beyond the Cyc2-like proteins. It is possible that a gene pair duplication led to the presence of cyc2/cyc1 and cyc2B/cyc1B gene pairs only in At. ferrooxidans. Detailed growth rate comparisons are lacking for the anaerobic growth with sulfur plus ferric iron which has been described for several ferrous iron-oxidising acidophiles, including At. ferriphilus [18] , At. str. Milos (Norris, unpublished data) and Af. thiooxydans [43] , but variations seem probable with slower growth of At. ferrivorans than At. ferrooxidans already noted [17] . In addition, there is ferric iron-coupled oxidation of sulfur during autotrophic, anaerobic growth of Firmicute Sulfobacillus species and actinobacterium Acidithiomicrobium sp. by unknown mechanisms [44] . This suggests the diversity of electron transport pathways for ferric iron reduction in iron-oxidising acidophiles could match the diversity of the pathways for ferrous iron oxidation which has long been evident from examination of whole cell cytochrome spectra of phylogenetically distinct 
